The study of human microbiota is an emerging research topic. The past efforts have mainly centered on studying the composition and genomic landscape of bacterial species within the targeted communities. The interaction between bacteria and hosts is the pivotal event in the initiation and progression of infectious diseases. There is a great need to identify and characterize the molecules that mediate the bacteria-host interaction. Bacterial surface exposed proteins play an important role in the bacteria-host interaction. Numerous surface proteins are glycosylated, and the glycosylation is crucial for their function in mediating the bacterial interaction with hosts. Here we present an overview of surface glycoproteins from bacteria that inhabit three major mucosal environments across human body: oral, gut and skin. We describe the important enzymes involved in the process of protein glycosylation, and discuss how the process impacts the bacteria-host interaction. Emerging molecular details underlying glycosylation of bacterial surface proteins may lead to new opportunities for designing anti-infective small molecules, and developing novel vaccines in order to treat or prevent bacterial infection. microbiota, surface glycoprotein, glycosylation, bacteria-host interaction, glycosyltransferase
INTRODUCTION
Protein glycosylation is the covalent linkage of glycans to the amide nitrogen of Asn residues (N-glycosylation) or to the hydroxyl oxygen of Ser or Thr residues (O-glycosylation) (Szymanski and Wren, 2005) . As the most abundant post-translational modification in nature, protein glycosylation was once considered to exist only in eukaryotes (Iwashkiw et al., 2013) . The protein glycosylation in bacteria and archaea was not appreciated until the findings of such modification from the Halobacterium and Clostridium species 40 years ago (Nothaft and Szymanski, 2010) . Since then, the concept of protein glycosylation on bacterial and archaea has been recognized. There are some commonalities and differences in eukaryotic and prokaryotic glycosylation (as reviewed in (Dell et al., 2010) ). However, due to the complexity and diversity of the glycosylation systems and the lack of advanced analytical tools of investigation, the rapid growth of studying protein glycosylation in these two kingdoms did not occur until recent decades.
Because of the numerical dominance of bacteria and bacterial genes in human body, a panoply of interests have been ignited to explore this uncharted area. Studying the bacteria-host interaction has led to breakthrough discoveries (Janssen and Kersten, 2015; Lebeer et al., 2010) . The key to better understanding the interaction is the identification and characterization of the molecular players present on the bacterial cell surface, often are glycoconjugates such as surface glycosylated proteins (adhesins), exopolysaccharides (EPSs), capsular polysaccharides (CPSs), lipopolysaccharides (LPSs), and peptidoglycan (PG) etc. (Reviewed in (Tytgat and Lebeer, 2014) ). In this review, we will focus on one of the glycoconjugates-surface glycoproteins.
Human mucosal surfaces are associated with abundant bacteria, and the microbiota play a critical role in the physiology and pathology of the host (Consortium, 2012) . Of the complex microbiota, both pathogenic and commensal bacteria can establish the initial contacts through their surface proteins (Aviles-Reyes et al., 2014a; Deng et al., 2014; Siboo et al., 2005; Thomer et al., 2014; Yang et al., 2014) . These unique bacterial barcodes allow them to gain access to host cells and localize to their specific niches in human, a crucial step for bacteria to maintain their homeostasis with their host. The modification of the bacterial surface proteins by carbohydrates makes the interaction more dynamic (Aviles-Reyes et al., 2014a; Deng et al., 2014; Siboo et al., 2005; Tan et al., 2015; Thomer et al., 2014; Yang et al., 2014) . There has been a huge drive for understanding bacterial glycosylation systems in recent decades. Numerous medical important bacterial glycoproteins have been discovered, we will summarize the recent advances of some representative surface glycoproteins in three unique human mucosal surfaces (Figure 1 ).
SURFACE PROTEIN GLYCOSYLATION IN BACTERIA FOUND IN THE ORAL MUCOSA
The oral microbial community is one of the most diverse environments in human body. It consists of over 700 different bacterial species and some species of fungi (Jenkinson and Lamont, 2005) . Both commensal and pathogenic bacteria reside in the oral cavity (Kreth et al., 2009; Schachtele et al., 2007) . These microbes manage to stay in the commensal environment by attaching to host surfaces or to antecedent organisms, which leads to the formation of dental plaque (Zhu et al., 2015b) .
Streptococcus parasanguinis, one of the commensal oral streptococci in the oral cavity, utilizes its fimbriae to mediate the initial attachment to tooth surface (Wu et al., 1998) . As the major subunit of the fimbriae, fimbriae associated protein 1-Fap1 is the first identified serine-rich repeat glycoproteins (SRRPs) (Froeliger and Fives-Taylor, 2001; Wu and Fives-Taylor, 1999; Zhu et al., 2015b) . Glycosylation of Fap1 is critical for bacterial adhesion and biofilm formation (Zhou and Wu, 2009; Zhu et al., 2015b) . The glycosylation system of Fap1 has been intensively studied and emerging as a model system to study bacterial protein glycosylation (Bu et al., 2008; Wu et al., 2007a; Wu et al., 2007b; Wu and Wu, 2011; Wu et al., 2010; Zhang et al., 2014; Zhou et al., 2010; Zhu et al., 2011; Zhu et al., 2015a) (Figure 2) . We have showed an eleven gene cluster is responsible for the glycosylation and maturation of Fap1. Glycosyltransferases encoded by gtf1 and gtf2, and genes from the gly-gtf3-galT1-galT2 locus mediate the Fap1 glycosylation (Zhou and Wu, 2009; Zhu et al., 2015b) . Fap1 is O-linked with oligosaccharides consisting of GlcNAc, glucose and rhamnose . A two-protein enzyme complex Gtf1 and Gtf2 initiates the first step of Fap1 glycosylation by transferring GlcNAc to the serine residues of Fap1 polypeptide backbone , and Gtf3 transfers the second carbohydrate-Glc to GlcNAc modified Fap1 . A unique domain DUF1975 mediates the third step of Fap1 glycosylation by adding another Glc to GlcNAc-Glc modified Fap1 . For the detailed features of each glycosyltransferases, see our recent JDR review (Zhu et al., 2015b) . Deletion of each glycosyltransferase in the gene cluster resulted in impaired bacterial biofilm formation and decreased bacterial adherence demonstrating the importance of the Fap1 glycosyla-tion in the bacterial-host interaction. Since the discovery of Fap1, two other SRRPs, GspB and Hsa from another commensal streptococci in the oral cavity-Streptococcus gordonii have been identified and characterized. Both GspB and Hsa bind to sialic moieties on the platelets (Bensing et al., 2004) and also to salivary glycoproteins such as MG2, salivary agglutinin and secretory IgA (Heo et al., 2013; Takamatsu et al., 2006) suggesting the SRRP glycoproteins also have lectin activities. Extensive studies were carried out to investigate the GspB glycosylation system. GspB is a SRRP from S. gordonii M99, and the glycosylation of GspB is important for bacterial adhesion to human platelets (Bensing and Sullam, 2002) . The carbohydrate moieties associated with GspB are attached to Ser or Thr residues via an O linkage (Takamatsu et al., 2004a) . Four proteins encoded in the gspB-secY2A2 operon of S. gordonii mediate the intracellular glycosylation of GspB (Takamatsu et al., 2004a) . GtfA and GtfB are the homologous to the Gtf1 and Gtf2, the initiating enzymes of Fap1 glycosylation (Takamatsu et al., 2004a) . Gly in the operon is believed to add the terminal sugars to GspB, and nucleotide sugar synthetase (Nss) was thought to be involved in the biosynthesis of UDP-sugar precursors (Takamatsu et al., 2004a) . It is worthy nothing that the homologous protein Gtf3 from S. parasanguinis was initially also annotated as Nss, by its sequence homology, but biochemical and structural studies unequivocally demonstrated it is a bona fide glucosyltransferase Zhu et al., 2011) . Therefore, it is likely Nss from S. gordonii is also a glycosyltransferase, which needs further studies. Nevertheless, the glycosylation of GspB enhances the platelet binding activity (Takamatsu et al., 2004b) indicating the importance of these enzymes in mediating the interaction between bacteria and host.
S. mutans, an obligate biofilm forming organism, is an important oral pathogen that mediates the development of dental caries. Biofilm formation is crucial for S. mutans virulence. Three glucosyltransferases GtfB, C and GtfD produced by S. mutans are responsible for synthesis of biofilm matrix-glucans that promote colonization of the cariogenic bacterium and formation of cariogenic environment (Bowen and Koo, 2011) . Interestingly Gtfs all contain glucan binding domains that bind to glucans producing by Gtfs exposed on the bacterial surface, this unique self-promoting adhesion mechanism allows S. mutans become a successful cariogenic microbe. Since Gtfs bind to glucans, it has been speculated as glycosylated proteins, but there is no studies demonstrating they are actually modified.
In addition to causing dental caries, S. mutans has been associated with systemic infection. Interestingly one of surface collagen binding protein named Cnm not only contributes to oral colonization but also is linked to bacterial systemic infection as it is capable of invading human coronary artery endothelial cells (Abranches et al., 2011; AvilesReyes et al., 2014b; Miller et al., 2015) . Cnm is a glycosylated protein. The glycosylation of Cnm is controlled by a putative glycosyltransferase PgfS as the deletion of PgfS affects Cnm glycosylation, protein stability and its binding ability to collagen (Aviles-Reyes et al., 2014a) . It remains unknown about the carbohydrate composition of Cnm and whether PgfS is solely responsible for the transfer of sugar residues to the Ser/Thr residues of Cnm.
Another important group of bacteria in the oral cavity are periodontal pathogens. They carry surface glycoproteins that mediate bacterial binding to the host surface. For instance, periodontal pathogens, Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans possess unique surface glycoproteins to interact with the host.
P. gingivalis has two types of cell-surface fimbriae, the major fimbriae known as FimA and the minor fimbriae known as Mfa1 (Zeituni et al., 2010) . The major fimbrial protein FimA plays an important role in promoting bacterial attachment to oral surfaces while the minor fimbrial protein Mfa1 is responsible for the microcolony formation and maturation of P. gingivalis biofilms (Lin et al., 2006) . It is documented that Mfa1 is a glycoprotein that harbors DC-SIGN-targeting carbohydrates, fucose, mannose, GlcNAc, and GalNAc (Zeituni et al., 2010) . The carbohydrate moieties are responsible for P. gingivalis interaction with dendritic cells (DCs), which leads to an immunosuppressive DC response (Zeituni et al., 2010) . Mfa1 is modified by a mixture of N-glycosylation and O-glycosylation (Zeituni et al., 2010) . It remains to be determined how Mfa1 becomes glycosylated and what machinery engaged. Well known virulence factors, gingipains (RpgA and RgpB), and outer membrane proteins such as HBP35, OMP85, and Pgm6/7 are also glycosylated on the cell surface of P. gingivalis (Curtis et al., 1999; Murakami et al., 2014; Nakao et al., 2008; Shoji et al., 2011) . Glycosylation of these proteins is essential for the protein stability, bacterial biofilm formation and the bacterial-host interaction (Hiratsuka et al., 2010; Nakao et al., 2008; Rangarajan et al., 2005) . It is known that VimF, a putative glycosyltransferase, mediates glycosylation of gingipains (Vanterpool et al., 2005) , however, it is completely unexplored how other proteins are glycosylated. Given the large number of proteins are reported to be glycosylated in P. gingivalis, it is reasonable to speculate there is a common glycosylation system in P. gingivalis.
A virulence factor, extracellular matrix protein adhesin A (EmaA) from another periodontal pathogen A. actinomycetemcomitans is glycosylated and binds to collagen. The glycosylation of EmaA is modified by enzymes associated with the LPS biosynthetic pathway (Tang and Mintz, 2010; Tang et al., 2012) . The shared LPS biogenesis and protein glycosylation pathways are evolutionarily conserved in bacteria (Hug and Feldman, 2011) . Sharing biosynthetic pathways are cost effective, which may help enhance bacterial fitness in the host. The glycosylation of EmaA is important for the collagen binding activity and protection of the protein against degradation by proteolytic enzymes (Tang et al., 2012) .
Two surface proteins TfsA and TfsB from T. forsythia are also glycosylated (Lee et al., 2006; Posch et al., 2011) . But the glycosylation of TfsA and TfsB impacts the life-style of T. forsythia very differently. The glycan mutants have increased biofilm formation (Narita et al., 2014) . It is possible that the glycosylation of the surface glycoprotein is inhibitory to T. forsythia biofilm formation but the underlying mechanism is unclear (Posch et al., 2012) . Furthermore, the impaired glycosylation of TfsA and TfsB makes T. forsythia more accessible by dendritic cells (Settem et al., 2013) , indicating the importance of the surface glycans in modulating the bacterial interaction with the host immune system.
SURFACE PROTEIN GLYCOSYLATION IN BACTERIA FOUND IN THE GUT MUCOSA ENVIRONMENT
The human intestinal tract harbors a diverse and complex microbial community which plays a central role in human health and disease. Similar to the oral bacterial colonizers discussed above, bacteria inhabit in the gut also utilize surface structure such as adhesins and flagella to mediate their interaction with host.
There are three glycosylated adhesins reported in E. coli, AIDA-1, TibA and Ag43. The glycosylation of each protein is critical for their function in biofilm formation, autoaggregation, cell adherence and invasion to epithelial cells (Benz and Schmidt, 2001; Lindenthal and Elsinghorst, 1999; Sherlock et al., 2006) . Recent studies suggested AIDA-I is heptosylated within the bacterial cytoplasm by autotransporter adhesin heptosyltransferase (AAH) and its paralogue AAH2, which is defined as a bacterial autotransporter heptosyltransferase (BAHT) family. This family of transferases contains ferric ion and adopts a dodecamer . Structural studies of TibC, a member of BAHT that glycosylates TibA, provide molecular explanation on how the dodecamer enzyme complex manages a high efficient hyperglycosylation of six autotransporter substrates simultaneously and shed new insights on bacterial protein glycosylation.
Campylobacter jejuni is the major etiologic agent of bacterial gastroenteritis reported. Flagella is one of the important virulence factors for this organism. Studies have suggested that glycosylation of flagellar is essential for the assembly and motility of flagella in C. jejuni (Alemka et al., 2013) . This is also true for other GI tract pathogens such as Helicobacter pylori and Clostridum difficile (Szymanski and Wren, 2005) . The major modification on Campylobacter flagellin is O-linked pseudaminic acid (Thibault et al., 2001) . Since the glycosylation of flagella has been reviewed recently (Tytgat and Lebeer, 2014 ), we will not expand on this topic. C. jejuni harbors both O-and N-linked glycosylation system, each has a dedicated gene cluster to catalyze the modification (Day et al., 2012; Guerry and Szymanski, 2008; Szymanski et al., 2003) . In addition to flagella, there are a number of surface glycoproteins in C. jejuni that play important roles in bacterial attachment to host cells. PEB3 and CgpA are the first identified non-flagellin adhesins that are glycosylated and their glycan components contain -linked N-acetylgalactosamine residues (Linton et al., 2002) . It is believed that these surface proteins are N-glycosylated, which may enhance C. jejuni fitness by protecting bacterial proteins from cleavage by gut proteases (Alemka et al., 2013) . Interestingly, the structure of PEB3 shares high similarity with several periplasmic-binding proteins, indicating PEB3 is a transporter. The exact function of PEB3 remains to be determined (Min et al., 2009; Rangarajan et al., 2007) . Recently, the major outer membrane protein MOMP in C. jejuni was shown to be O-glycosylated, and the glycosylation is important for binding human histo-blood group antigens and biofilm formation (Mahdavi et al., 2014) . It is anticipated that more O-glycosylated surface proteins will be discovered because of advanced analytic glycan detection tools and the presence of a general O-linked glycosylation machinery in C. jejuni. Indeed, a large number of non-flagallin O-linked glycoproteins were recently identified in H. pylori using glycan metabolic labeling coupled with mass spectrometry analysis and other advanced techniques (Champasa et al., 2013; Hopf et al., 2011) .
Streptococcus pneumoniae, the leading cause of otitis media (OM), community-acquired pneumonia, sepsis and meningitis, resides in the upper respiratory tract. It can cause pneumonia once it invades the lower respiratory tract. PsrP, a member of SRRPs, is the major virulent factor that mediates the bacterial attachment to Keratin 10 on the surface of lung cells (Sanchez et al., 2010; Shivshankar et al., 2009 ). This interaction was attributed to the basic region (BR) domain of PsrP that mediated large bacterial aggregates in the nasopharynx and lungs of infected mice via biofilm formation (Schulte et al., 2014) . Due to the importance of glycosylation in the function of other SRRPs (Lizcano et al., 2012; Zhu et al., 2015b) , one may assume that the glycosylation of PsrP is crucial for bacterial full virulence, but there is no study so far to confirm this hypothesis. Two proteins involved in the glycosylation of PsrP, GtfA and GtfB, have been identified through biochemical and structural studies (Shi et al., 2014; Zhou et al., 2010) . GtfA is a glycosyltransferase, other than having a typical catalytic domain, it has a unique domain DUF1975 that has been determined to be an add-on domain. This domain is critical for recognizing the acceptor PsrP (Shi et al., 2014) . GtfB enhances the activity of GtfA. It is worth noting that there is no evidence suggesting the binding of PsrP to host cells is lectin dependent, which is different from other characterized SRRPs such as GspB and Hsa. Details regarding how PsrP is fully modified and processed in S. pneumoniae is not known and the biological consequences of the modification of PsrP is not clear as well.
Streptococcus agalactiae, also known as Group B Streptococcus, often colonizes GI tract and the vaginal tract. This pathogen emerged in the 1970s as the leading cause of sepsis and meningitis in neonates, but incidences of adult infection also increases recently (http://www.cdc.gov/groupbstrep/clinicians/clinical-overview.html). The major glycosylated bacterial adhesins characterized in two distinct S. agalactiae strains are Srr1 and Srr2 (Samen et al., 2007; Seifert et al., 2006; van Sorge et al., 2009) , which also are the members of the SRRPs. These two glycoproteins are recognized to mediate bacterial attachment to the host cell surface (Seo et al., 2013; Sheen et al., 2011; Wang et al., 2014) . Like the other SRRPs, glycosylation plays a central role in the protein biogenesis and bacterial pathogenesis (Lizcano et al., 2012; Zhu et al., 2015b) . Previous studies have shown that GtfA and GtfB catalyze the transfer of GlcNAc to Srr2 polypeptide . GtfC is important for the second step of glycosylation of Srr2 by catalyzing the direct transfer of glucosyl residues to Srr2-GlcNAc (Zhu et al., 2015a) . Structural studies of GtfC identified a conserved loop region that is crucial for acceptor substrate binding from GtfC homologs in streptococci (Zhu et al., 2015a) . Mass spectrometry analysis of purified Srr1 unambiguously demonstrates that Serine or Threonine resides on Srr1 was modified by GlcNAc and Glc, which resembles the findings of Srr2 (Chaze et al., 2014) . Interestingly there is a novel modification found on Srr1, which was identified as O-acetylated-N-acetylhex-osamine (Chaze et al., 2014) . However, it still remains unknown what enzyme is responsible for the modification.
SURFACE PROTEIN GLYCOSYLATION IN BACTERIA FOUND IN SKIN FLORA
More than 1000 species of bacteria habitat upon human skin (Grice et al., 2009) . Some of the well-studied bacterial residents include those from the genera Staphylococcus, Corynebacterium, Propionibacterium, Streptococcus and Pseudomonas (Cogen et al., 2008) . Staphylococcus epidermidis and Staphylococcus aureus are the most prevalent members of cutaneous microbiota (Chiller et al., 2001; Hazenbos et al., 2013) . The infection of host tissues by Staphylococcus requires a family of staphylococcal adhesive proteins that include serine-aspartate dipeptide-repeats (SDR) such as ClfA (clumping factor A) and a number of SDR proteins (Hazenbos et al., 2013) . ClfA was recently determined to be modified by GlcNAc (Hazenbos et al., 2013; Thomer et al., 2014) . ClfA is critical for capturing fibrin fibrils or fibrinogen and plays an important roles in experimental skin infection (Kwiecinski et al., 2014; Thomer et al., 2014) . Two genes coding SdgA and SdgB are involved in the GlcNAc modification of the ClfA SD repeats and other SDR proteins in S. epidermidis and S. aureus (Hazenbos et al., 2013; Thomer et al., 2014) . However, only SdgB is essential for GlcNAc modification. This GlcNAc modification promotes S. aureus growth in the bloodstream of mammalian hosts (Thomer et al., 2014) .
Because S. aureus also can cause human bloodstream infection, sepsis and endocarditis , many studies have been performed to investigate the bacterial pathogenesis. SraP, a member of SRRPs, mediates the direct binding of S. aureus to platelets and its binding to sialylated receptors promotes S. aureus adhesion to and invasion into host epithelial cells (Siboo et al., 2005; Yang et al., 2014) . GtfA and GtfB, homologs of Gtf1 and Gtf2 from S. parasanguinis, are also required for SraP glycosylation . The glycosylation pathway is conserved in Gram-positive bacteria found in different body sites.
CONCLUSIONS AND FUTURE PERSPECTIVES
Bacterial interaction with host cells is a complex and dynamic process involving a variety of bacterial cell surface structures and a host of cell receptors. Many of the surface proteins have evolved to harbor certain carbohydrate modification to facilitate or strengthen their attachment to host cells throughout the human body (Table 1) . The modification on these surface glycoproteins might be species or niche specific, but they often share similar glycosylation pathways, either O-glycosylation or N-glycosylation.
The emerging studies of bacteria glycoprotein pathways enable to set the stage for the development of glycosylation-based therapeutic strategies, such as glycan-based vaccines to treat or prevent bacterial infection. For instance, SRRPs, a growing family of bacterial surface proteins have been demonstrated to be involved in Gram-positive pathogenesis (Lizcano et al., 2012; Zhou and Wu, 2009; Zhu et al., 2015b) , which can be explored as novel vaccine candidates. Furthermore, enzymes that are crucial in bacterial O-glycosylation but are absent in eukaryotes , can be explored as novel antibiotic targets.
Despite the limited understanding of bacterial glycosylation, increasing repertoire of glycosyltransferases identified in the past decade will surely expand the glycoprotein engineering tool box in the context of performing large-scale production of recombinant glycoproteins to generate glycoconjugates with industrial and medical application. Advanced key technologies like MS, NMR, and X-ray crystallography will facilitate characterizing bacterial glycoproteins and the important enzymes involved in the process. In turn, this will undoubtedly stimulate the discovery of new glycosylation pathways and the development of new therapeutic agents for the treatment of bacterial infection and the modulation of microbiota-related diseases.
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